ABSTRACT: Friction connections with long open slotted holes have been proven to be a competitive alternative to the conventional flange connections in steel tubular towers for wind energy converters. As full-scale tests are not available, results of Finite Element Analysis (FEA) of the real-scale tower geometry are used in this paper to investigate the influence of tower cross section shape, execution tolerance (gap between the shells) and length of the connection on the bending resistance. Buckling behaviour of the shell in the vicinity of the friction connection in circular and polygonal towers is compared. The friction connection is thoroughly examined and recommendations for execution tolerances are given. The influence of two types of the execution tolerances on the connection strength is considered: inward bended "fingers", leading to inclined gaps, and a parallel gap created by different tower diameters.
INTRODUCTION
Steel tubular towers are the most common support for wind energy converts. They reach heights up to 100 m, which is limited by the size of the shell diameter of up to 4.5 m. Transportation issues impose the maximum value for shell diameter. In recently finished RFCS (Research Fund for Coal Steel) projects, "High-strength tower in steel for wind turbines (HISTWIN)" Veljkovic et al. [1] and "High steel tubular towers for wind turbines (HISTWIN2)" Veljkovic et al. [2] , the use of technical innovations to increase competiveness of steel tubular towers was one of the main topics. One important innovation is the use of so-called "friction connections with long open slotted holes" for in-situ execution, see Figure 1 . This connection has been shown as a competitive alternative to the conventional ring flange connection of the steel tubular tower for a hub-height up to 100 m. The material cost for the connection, which takes into account shell material and bolts, is about 80 % lower for the adequate resistance, according to Veljkovic et al. [1] .
In the friction connection, the outer shell (upper segment) is equipped with fitted bolts, close tolerance holes, on the side of the bolt head, while the inner shell (lower segment) has open slotted holes with the width of the hole equal to the normal clearance hole diameter, see Figure 1 . Feasibility tests on tower segments, 2 m in diameter, carried out within HISTWIN and HISTWIN2 project, Veljkovic et al. [1] and [2] , proved that the bolts can be pre-installed in the upper segment and easily slid on top of the lower segment with an execution tolerance providing a 10 mm initial gap between the shells, see Figure 2 . Diameters of towers with common height of 80 -100 m are large e.g. up to 4 m and thicknesses of shells can go up to 60 mm, depending on site condition, wind turbine class, and steel grade used. As a rule of thumb, the initial shell thickness which can be assumed for the pre-designed considerations is about 1% of the shell diameter. Therefore, relatively larger execution tolerances are needed for the execution of real-scale tower. 
. Feasibility Tests Performed in Previous Projects
Down-scale experiments on tower segments with friction connection have been conducted within the scope of HISTWIN project, Veljkovic et al. [1] , but neither tests or field measurements are available with real dimensions of a tower. It is worth noting that photos shown in Figure 2 show feasibility testing which is performed so the upper segment of the tower is placed at the ground. This choice is made by workers in the workshop, just for their convenience, this decision has no consequences on any conclusion relevant for the research project.
It is unrealistic to expect that experiments up to failure of such large specimens will ever be realised, especially having in mind the possibilities of advanced FEA as demonstrated in this paper. Thorough examination of slip and buckling behaviour of the friction connection in a tower with circular cross section is given by Pavlović et al., [3] and [4] , respectively. The time dependent loss of the bolt preloading force in the friction connection has been considered in Heistermann et al. [5] . Polygonal tower shapes have been studied by Garzon [6] and Reinke [7] , providing numerical and experimental evidences on the buckling behaviour of tower segments with polygonal cross section, respectively. The friction connection in polygonal towers has been reported in the HISTWIN2 project, Veljkovic et al. [2] .
The aim of the research presented here, is to comprehensively examine the behaviour of the friction connection in circular and polygonal towers including the influence of local buckling of the shell in the vicinity of the connection and the influence of execution tolerances. Quasi-static analysis is made with ABAQUS FE software package, see [8] , using the explicit dynamic solver coupled with damage material models. The assumed tower segment has a diameter of the shell of D = 3374 mm, thickness t = 24 mm, steel grade S460 and high-strength bolts M48, grade 10.9, are used for the connection. Details of the connection are shown in Figure 3 . Dimensions and values of design loads (MEd = 45.8 MNm) at the analysed connection cross section are based on the design of a "real" tower with the common ring flange connection. Local buckling of the shell in the vicinity of the friction connection is analysed considering design shell imperfections in the circular and the polygonal tower. A possible solution to ensure the execution tolerance is the provision of a gap between the outer and the inner shell obtained by different diameters. The second alternative is to pre-bend "fingers" of the inner shell which has the same outer diameter as the inner diameter of the outer shell. These alternatives and the size of the execution tolerance are examined in this study.
In order to validate the FE modelling and the computational procedure, the experimental results of the down-scale 4-point bending tests conducted by Pak and Naumes [9] on 8 mm thick shells with a diameter of 1 m and the total span of about 7 m are used.
FINITE ELEMENT ANALYSIS
Two FE models of the friction connection shown in Figure 3 are created: a connection in a tower with circular cross section (FCC) and a connection in a tower with polygonal cross section (FCP), as shown in Figure 4 . The friction connection is designed with three rows of 56 bolts each, and cover plates to have sufficient slip resistance so that the buckling resistance of the connection becomes the dominant failure mode.
The polygonal tower shape has 14 edges (folds). The governing criterion for such division is to be at the boundary to local buckling of a flat part of the cross section, a segment between the folds, i.e. keeping the slenderness of the flat part close to the lower limit for the cross section of class 4 according to EN 1993-1-1 [10] , see Eq. 1 and Eq. 2. 
Geometry, Boundary Conditions and Mesh
The FEA model geometry and boundary conditions of one half of the tower segment including the most possible refinement of the connection details shown in Figure 5 and Figure 6 . Symmetry boundary conditions for bending are used to reduce the computation time. The tower segment is 3 m long on each side of the connection. This size of the model is chosen for proper modelling of the connection, local buckling of the shell and to allow redistribution of meridional stresses. Preliminary FEA was used to justify dimensions and costs of the feasibility tests which has been confirmed by the detailed analysis shown here. Cross section surfaces of the shells are fully kinematically constrained to the reference points. Bolts and nuts are modelled with the real thread geometry, see Figure 6 and preloading of the bolts is applied by the turn-of-nut method, see Figure 7 . Tetrahedron solid elements (C3D4) are used to form the bolt mesh. Global element size of the bolt is 11 mm, while in the threaded zone the element size is reduced to 5 mm. Eight node hexahedron solid elements with reduced integration (C3D8R) are used for the shell with element size of 20 mm. The shells and the cover plates are meshed with four elements through the thickness to properly take into account the bending stiffness. General contact interaction procedure is used in ABAQUS/Explicit with "hard" formulation of normal behaviour and "penalty" friction formulation of tangential behaviour, see [8] . The friction coefficient of 0.14 is set for bolts and nuts threads surface pairs according to recommendation given in ECCS Publication No. 38 [11] . For all other surface pairs in the model a nominal Class A friction surface is assumed with the slip factor μ = 0.5 according to EN 1993-1-8 [12] in the parametric study performed here. The sophisticated modelling of bolts is necessary to have appropriate stiffness of the bolt and connection, however the full benefits of its complex analysis are emphasised at the ultimate limit state of the connection, see references [2] , [3] , [4] , and Pavlovic et al.
[13].
Loading and Computational Procedure
Two computation steps are analysed for each model: preloading of the bolts and bending to the failure. Preloading of the bolts is applied by the turn-of-nut method. Hexagon edges of nuts are kinematically coupled to the reference points in the centre line of each nut, as it is shown in Figure  7a . Those reference points are turned by applying changes in boundary conditions, i.e. by rotating around the axis parallel to the shank of each bolt. The targeted preloading force of 960 kN is calculated according to EN 1993-1-8 [12] for M48 bolts, grade 10.9. Rotations of the nuts are calibrated in each case to achieve this targeted preloading force. Values of the bolt preloading forces are obtained by summation of node forces in the cross section of the bolt, see. In Figure 7b , the stress in the bolt, shells and cover plate in the friction connection are shown for the final stage of preloading. The bending moment is applied "displacement controlled" by imposing rotations of upper and lower reference point as shown in Figure 5 .
a) The Turn-of-nut Method b) Stresses in the Bolt, Shells and Cover Plate Figure 7 . Preloading of the Bolts Explicit dynamic solver of ABAQUS is known to be robust for this kind of analysis, where complex contact interactions coupled with large deformations and nonlinear behaviour are present, see [8] . It does not have usual convergence problems such as the implicit static solver. However, the computation may be quite long, if the real dynamic response of the model is required. Loading is supposed to be quasi-static. In this model the dynamic solver is used to efficiently solve the quasi-static problem. Calculation time is shortened by using variable non-uniform mass scaling technique with the target time increment set to t = 5.0 x 10 -5 s. Artificial durations are adopted for two computation steps: 7 s and 10 s, for preloading of the bolts and loading up to failure, respectively. Trial computations are made in order to select the appropriate target time increment and to avoid unwanted inertia forces in quasi-static FEA.
Material Models
Measured data of material properties are used for the verification FEA, while nominal material values are used for the bolts and the shells in the real-scale FEA, as given in Table 2 . Isotropic hardening plasticity with modulus of elasticity of E0 = 210 GPa, and Poisson's ratio of v = 0.3 is used for all materials. Bolts, washers and nuts are set to nominal values of stress at the yield point fy = 900 MPa and ultimate strength fu = 1000 MPa, with the ultimate elongation A = 10 % according to ISO 898-1 [14] for bolt material grade 10.9, see Figure 8 . A parabolic shape of the nominal stress-strain curve is assumed to enable the definition of the damaged plasticity material model of bolts. A ductile damage model is used to model the failure of the bolts. The hardening part of the material behaviour is defined by the plasticity curve while the softening part and the failure are governed by the damage initiation criterion and the damage evolution law. Parameters of ductile damage initiation criterion and damage evolution law are derived analysing undamaged and damaged material response in a standard (round bar) tensile test, as described by Pavlović et al. [145] . The standard (round bar) tensile test model is created and material parameters are calibrated by comparing the nominal stress-strain curve to the FE results, as shown in Figure 8 . The same element type (C3D4) and corresponding size (5.0 mm) used in the validation of the material model is used for bolts in the FE models of real-scale connections.
Verification of FEA by Down-scale Experiments
In order to prove the validity of the FEA study presented here, verification is made with respect to the experimental data of down-scaled tests of tower segments. The layout of the 4-point bending experiments conducted at RWTH Aachen University, see Veljkovic et al. [1] and Pak and Naumes [9] , is shown in Figure 9a . The ring flange connection and the friction connection using 32 M20 bolts and 24x3 M20 bolts, respectively, were tested with shell diameter 1 m and thickness 8 mm over a 7 m span. The same computational procedure, which is used for the verification of FEA, is used for the real dimensions of the tower segment in this study. 
Execution Tolerances
A parametric study of the friction connection's bending resistance regarding the execution tolerances is made analysing several parameters: tower shape, length of the connection (length of the "finger"), and type and size of execution tolerance. Two different types of execution tolerances are considered for the friction connection in circular tower: a gap between the shells due to different diameters of the segments and an inclined gap due to bending of fingers, as it is shown in Figure 12 . Both alternatives are investigated for the maximum gap in the range of 10 -30 mm.
gap gap a) parallel gap between the shells b) inclined gap due to bending of the fingers Figure 12 . Different Types of the Execution Tolerances.
Denomination of the cases considered in the parametric study is given in Table 3 . The first letter indicates the tower shape (C -circular, P -polygonal), the second is the digit designating the size of execution tolerance (0 means no gap, 1 means 10 mm gap, 2 means 20 mm gap, 3 means 30 mm gap). The third character denotes the steel grade of the shell (B means S460 in this study) and the remaining three digits represent the length of the fingers (LF = 450 mm, LF = 550 mm and LF = 650 mm). The last lower case character defines the type of the execution tolerance (g -gap between the shells, b -inclined gap due to bending of the fingers). The overlapping length in the connection is 50 mm longer than the fingers in all cases, as shown in Figure 3 . Reference cases, with ideal geometry (C0B450 and P0B450), have no gaps between the outer and the inner shell. No dimple imperfections of the shell are taken into account in the parametric study to isolate the problem of stress concentrations and buckling within the connection. In the polygonal tower with assumed execution tolerances, slots are cut at the corners in the connection zone, as shown in Figure 13 , to allow the unrestrained deformation of the fingers during preloading of the bolts. For the sake of simplicity no rounded root of the slot in the fold is modelled. The width of those slots is 24 mm and the length is 50 mm longer then the fingers. No slots are made in the initial case with perfect geometry where no gap between the shells exists, P0B450. a) P0B450 b) P1B450g and P1B450b Figure 13 . Slots at the Corners in the Connection Zone of Polygonal Tower
3.
RESULTS AND DISCUSSION
Number of Folds
According to the criteria for cross section classification given in EN 1993-1-1 [10] , the number of edges (folds) in the tower with polygonal cross section is supposed to be nedge ≤14.7 to comply with the requirement for cross section class 4. The slenderness limit, Eq. 1, for the flat segments of the tower assumes that the folds have enough small angle, Eq. 3. For the tower considered here the angel between flat segments of 154 0 corresponds to the nedge=14 according to eq.3. is too large to keep folds fixed. This is obvious from results of experiments performed by Tran [16] . Therefore the number is not supposed to be enough to to prevent its displacement at the ultimate limit state governed by the stability.
This expectations is confirmed by the analysis performed. It is clearly shown in Figure 14 that the cross section undergoes global buckling characterized by the dominant radial movement of the folds. Larger number of folds will lead to the weaker folds and smaller number of folds will lead to slender segments, however the optimization of polygonal towers are left out of the scope of this paper.
Cross-section below connection The bending resistance of the connection in the circular tower without imperfections is 5 % higher compared to the polygonal tower. However, the same ultimate bending moment is obtained in the friction connection in circular and polygonal tower: 96.8 MNm and 95.6 MNm, respectively, if imperfections are considered. This is expected as the harmonic imperfections introduced in the polygonal tower are smaller than the dimple imperfections introduced in the circular tower, 5 mm vs. 13 mm, respectively. The folds in the polygonal tower stiffen the cross section. Deformed shapes and meridional stresses in the compression zone of the shell at the load step prior to buckling are shown in Figure 17 for FCC and FCP with design imperfections. Buckling shape in FCC is different compared to the case without imperfection. If imperfections are not considered, the shell local buckling is affected by eccentricity of the single lap joint resulting in an inclination of the whole connection, see Figure 15a . If the design imperfections are applied, buckling occurs in the zone of imperfection without inclination of the whole connection, see Figure 17a . In FCP shell imperfections are rather small, and similar buckling shape including the inclination of the connection can be seen in Figure 15b and Figure 17b . From the influence of design imperfections on the resistance it is clear that the circular tower is more sensitive to buckling of the shell, in the vicinity of the friction connection, compared to the polygonal towers. 
Influence of the Connection Length
Meridional stresses due to bending of the fingers by preloading of the bolts for different lengths of the fingers are shown in Figure 18 . It can be noticed that the case with shortest fingers (C1B450) has the lowest meridional stresses since the gap is closed by the simultaneous deformation of upper and lower shell. In the other two cases (C1B550 and C1B650) closure of the gap between the shells is obtained by bending of the fingers, resulting in larger meridional stresses. Therefore, there is no use of providing long fingers in order to reduce normal stresses in fingers. Certainly, a bit longer slotted holes may be beneficial for alignment of the tower segments during the execution, but this aspect is not taken into account here but there are no structural reasons to use longer fingers, especially not if the inclined gap is obtained in inward bending of the fingers a) C1B450g b) C1B550g c) C1B650g Figure 18 . Meridional Stresses in the Fingers due to Closing of the Gap by Tightening of the Bolts
3.4
Influence of the tower shape Moment-rotation curves for the friction connection with and without the gap of 10 mm in both circular and polygonal tower are shown in Figure 19 . Reduction of the bending resistance due to execution tolerance is 2 % and 7 %, in circular and polygonal tower, respectively, compared to the cases without execution tolerances, see Figure 19 and Table 5 . The larger reduction in the polygonal tower is caused by the reduction of cross section area of the shell by applying the corner slots, see Figure 13 Stress concentrations at the roots of the corner slots in the polygonal tower are caused by preloading of the bolts, see Figure 20b , which can reduce fatigue endurance of the shell. This needs to be assessed in more detail to justify the application of polygonal tower shapes in towers for wind converters (not scope of this study). 
Influence of the Type and Size of the Execution Tolerances
Two different methods to provide execution tolerances in the circular tower:
-the gap between the shells, parallel gap established by different diameters of two tower segments with and without fingers -the same diameter of both tower segments but the inclined gap is established by inward plastic bending of the fingers., Different sizes:10 mm, 20 mm and 30 mm of the maximum gap , are compared to the reference (theoretical) cases of no gap, in Table 6 . The reduction of bending resistance with regards to the parameters considered above is shown in Figure 21 . The effect of execution tolerance provided by the parallel gap between the shells leads to higher reduction of ultimate bending resistance compared to the inclined gap obtained by the inward bending of the fingers. Almost linear dependency of the reduction factor with regards to the size of the gap between the shells is obtained. With the largest execution tolerance of 30 mm gap between the shells 7 % reduction of the bending resistance is obtained. Inward bending of the fingers causes very small reduction, which is practically negligible. These results are expected as the less eccentricity is introduced in the tower segment at the connection, if the gap is made by inward bending of the fingers. This is illustrated in Figure 22 , where deformed shapes and meridional stresses after preloading of the bolts and after the failure are shown for the reference case and the two types of execution tolerances. 
CONCLUSIONS
Advanced FEA of the real-scale friction connection in a steel tubular tower for wind energy converter have been conducted, relaying on a FEA verified by down-scaled experiments. The friction connection is analysed in a parametric study considering circular and polygonal tower shape, design shell imperfection, length of the fingers, and size and type of execution tolerance. The following conclusions are drawn:
1. Provision of the execution tolerance by a parallel gap between the shells higher than 20 mm produces yielding in the root of the fingers. The bending resistance of the connection is 7 % reduced for an execution tolerance of 30 mm gap. This method is not recommended for larger execution tolerances. Execution tolerance provided by inward bending of the fingers is recommended. In this case, the inclined gap, practically no reduction of bending resistance is obtained up to a maximum tolerance of 30 mm. 2. The polygonal cross section of the tower is fully effective and no local buckling of the flat part occurs if the number of edges is chosen such that the flat part of the cross section satisfies the slenderness limit for the class 3 cross section according to EN 1993-1-1 [10] . 3. Approximately 5 % higher bending resistance of the friction connection is obtained in the circular tower compared to the polygonal tower, if shell imperfections are not considered. However, design imperfections in the polygonal tower are lower compared to imperfections of the circular tower. The same design bending resistance is obtained as for the circular tower. 4. There is no need to use slotted holes that are significantly longer than the group of bolts in the connection since the initial gap between the shells is closed by simultaneous deformations of the upper and lower shell. A small extension of the slotted hole beyond the last bolt in a row (1d0 is used in this study) should be provided to allow easy alignment of the tower segments during execution.
